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Abstract: On-chip integrated mode-division multiplexing (MDM) has been emerging as a 
promising technology to further improve the link capacity and satisfy the continuously 
increasing bandwidth demand in data communications. One of the most important components 
in MDM and multimode photonics is a mode converter. While several configurations have been 
developed to realize on-chip mode converters, it is still very challenging to achieve versatile 
high-order mode converters with high performance in a generic way to reduce the R&D and 
prototyping costs. Here we initiate a breakthrough utilizing a simple yet universal generic 
building block concept with metasurface structures to implement programmable arbitrary high-
order mode converters with competitive performance, high reliability and compact footprints. 
The building block, i.e., the TE0-TE2 mode converter is first introduced to illustrate the generic 
concept, which exhibits low insertion loss of 0.3 dB, low crosstalk of -10 dB across broad 
wavelength band of 250 nm with a footprint of 2.7×1.3  2m . All even-order and odd-order 
mode converters can be realized by directly programming multiple parallel basic building 
blocks and coarsely engineering the waveguide widths simply in a universal approach. The 
proposed mode converter building blocks for high-order mode conversion highlight features of 
uniform performance with broad bandwidth, low insertion loss, compact footprints and good 
fabrication tolerance, plus the uniquely simple and scalable generic fashion, making them 
extremely attractive for on-chip multimode optical interconnections. 
1. Introduction 
Advanced multiplexing technologies have been playing extremely important roles to satisfy the 
continuously increasing demands for high capacity of data communication [1-4]. MDM 
technology, which leverages the extra degree of freedom of orthogonal guiding modes in 
multimode waveguides, is emerging to boost significantly the scalability and flexibility of the 
transmission capacity [5, 6]. Benefiting from its compact footprint and compatibility with the 
complementary metal-oxide-semiconductor (CMOS) fabrication process, silicon on-chip 
MDM system has attracted extensive attention. Various MDM devices have been demonstrated 
on a silicon-on-insulator (SOI) platform, such as mode (de)multiplexers [7-15], mode 
exchangers [16, 17], mode filters [18, 19], mode switches [20-22], multimode crossings [23, 
24], multimode waveguide bends [25, 26] and reconfigurable multimode photonic devices [15, 
16, 27]. Among them, mode converters which can transform given modes into desired modes 
are the fundamental and integral devices to build a practical MDM system. 
Previously, significant efforts have been devoted to realize efficient on-chip mode 
conversions. The working principles of these devices can be generally categorized into the 
following four types [28]. (i) Phase matching method: The basic idea is to choose the 
appropriate waveguide width to guarantee that the mode in the access waveguide has the same 
effective refractive index with the desired mode in the bus waveguide. Considerable mode 
converters and mode (de)multiplexers implemented with asymmetry directional couplers 
(ADCs) have been reported [8, 9, 13, 29] based on this principle. To further improve the 
fabrication tolerance thus scaling up the mode channel numbers, subwavelength grating 
structures (SWG) have been proposed [30-32]. Besides, there are other resonant coupling 
devices including both directional grating couplers and contra-directional grating assisted 
couplers [33-35]. (ii) Constructive interference of coherent scattering: The input mode will 
evolve into various high-order modes which interfere with each other in the conversion region. 
Consequently, the desired mode profile can be formed at the output port. Traditionally, 
multimode interference (MMI) couplers [36-38], photonic crystal waveguides [39, 40] or 
cascaded tapers [41] are employed. Moreover, several computer-generated nanostructures 
based on inverse-design algorithms have also been demonstrated [42-45]. (iii) Beam forming 
technique: The concept follows that the 
thN  ( N 1 ) order TE mode can be treated as a 
combination of N+1antiphase adjacent TE0-like modes. To obtain the TEn-TE0 mode converter, 
the N+1  antiphase components of the TEn mode should travel through different effective 
lengths in the conversion field, thus achieving the same phase and eventually to combine into 
the TE0 mode. Typically, Mach-Zehnder interferometer (MZI) structures are utilized, given that 
the phase differences between their arms can be flexibly tuned [16, 46, 47]. (iv) Metasurface: 
Recently, quite a few mode converters based on metasurface structures have been proposed for 
both the TE polarization [48-55] and the TM polarization [56, 57]. The mode conversion 
between two specific modes is achieved by imposing specific refractive-index perturbations on 
a silicon waveguide.  
An ideal mode converter should have the merits of mode conversion with low insertion loss 
(IL), low crosstalk, broad bandwidth, compact footprints, and large fabrication tolerance. On-
chip mode multiplexing systems, where particular modes are allocated to optimally perform 
desired functionalities, however, require considerable designs and optimization iterations of 
different mode conversion structures leading to long development times [28]. It should be 
noticed that for method (i), the different high-order modes inevitably incur different designs to 
satisfy the phase matching conditions, and it will become almost impossible for both ADC and 
SWG structures to be extended for modes order higher than 15 (N>15 ) mode converters, owing 
to the large effective refractive index contrast between two concerned modes. Arbitrary high-
order mode converters, in principle, can be obtained with the last three strategies, but all with 
compromised performance. (ii-iii) usually come with large footprints. Although ultra-compact 
mode converters have been reported with decent performance utilizing the inverse design 
methodology, its computation time will drastically increase when scaled up to higher-order 
mode (N>3 ). Meanwhile, the irregular nanostructures normally demand fabrication techniques 
with high accuracy, making it less feasible in real applications. (iv) represents the most compact 
devices reported by far, but higher-order mode converters (N>5) haven’t been experimentally 
demonstrated. Therefore, a simple solution to unlimited high-order mode converters with 
constant good performance, compact footprints, high scalability and feasibility in practice for 
multimode multiplexing photonics is extremely desirable. 
In this paper, we propose for the first time, to the best of our knowledge, a universal scheme 
to program arbitrary high-order mode converters in an easy yet generic building block approach. 
This method is inspired by electronic Field Programmable Gate Arrays (FPGA), where any 
arbitrary high-order mode converters can be implemented by a simple topology consisting of 
basic low-order mode converters to realize different multimode functionalities through 
programming. We first introduce our design philosophy with the primitive TE0-TE2 mode 
converter exploiting fully etched dielectric metasurface slots in the SOI platform, which will 
function as the basic building block for high-order mode converters. The simulated insertion 
loss is less than 0.3 dB and the crosstalk is lower than -10 dB across the wavelength band from 
1400 nm to 1650 nm. The operating principles are theoretically analyzed using the beam 
shaping technique together with the coupled mode theory (CMT). After that, any even-order 
mode converters can be acquired by simply programming parallel arrangement of a set of TE0-
TE2 mode converters with an appropriate waveguide width. Employing the same approach, any 
odd-order mode converters can be realized by directly shifting and cutting off part of the even-
order mode converters with a fixed width. We emphasize that the performance of all the 
programmed arbitrary ultra-high-order mode converters can still maintain impressively well 
with the insertion loss less than 1.5 dB as well as crosstalk lower than -9 dB over an ultra-broad 
bandwidth of 250 nm.  
2. Design philosophy and building block 
Previously we have reported an ultra-compact mode-order converter by exploiting a fully 
etched silica slot on a silicon waveguide, which can efficiently serve as both a power splitter 
and a phase shifter at the same time [55]. Now we further develop this concept for universal 
mode conversions, utilizing the metasurface structures to realize the straightforward beam 
forming technique. We impose fully etched dielectric perturbations on silicon waveguides to 
split the input fundamental mode into N+1 beams with nearly equal power and simultaneously 
induce a 𝜋 phase difference between contiguous components. As a result, the 
thN -order mode 
can be successfully formed at the end of the perturbations within several micrometers. In the 
following section, we take the TE0-TE2 mode converter as an example to illustrate the design 
methodology in detail and provide the theoretical analysis with the CMT model. 
 
Fig. 1. Schematic of the TE0-TE2 mode converter. 
 
In the basic TE0-TE2 mode converter building block, the perturbation in the metasurface 
structure is initialized with a symmetric polygon shape as shown in Fig. 1. The two straight 
arms separate the multimode waveguide into three single-mode waveguides, where three TE0-
like components will transmit through. We sweep the variables in 3D finite-difference-time-
domain (FDTD) simulations and the optimized parameters are given in Fig. 1. Figure 2(a) 
presents the simulated electric field distribution at the wavelength of 1550 nm, which clearly 
shows the TE0-TE2 mode conversion. The simulated transmission spectrum is given in Fig. 2(b). 
The insertion loss is less than 0.3 dB, while the crosstalk is lower than -10 dB from 1400 nm to 
1650 nm. The curve ‘other’ stands for the total crosstalk from other modes except for the TE0 
mode and the TE2 mode. 
 
Fig. 2. Simulated electric field distribution (a) and transmission spectra (b) of the TE0-TE2 
mode converter 
The evolution of optical field in a perturbed structure can be described by the CMT model 
(see the theoretical analysis in Section 1, supporting information). Figure 3(a) presents the 
mode purity from both numerical calculations of CMT model (curves) and FDTD simulation 
(symbols) along the propagation direction, which agree quite well with each other. It’s clear 
that the input TE0 mode is gradually converted into the TE2 mode within a short length less 
than 3 m . Fig. 3(b) shows the coupling coefficients as a function of the propagation distance, 
which is not sinusoidal-like owing to the aperiodic perturbations. It’s necessary for κ02 to 
change from positive to negative value, ensuring that the TE0 mode always contributes 
constructively to the conversion of the TE2 mode. Fortunately, there is almost zero crosstalk 
from the TE1 mode due to the negligible κ01. 
 
Figure. 3. Mode evolution (a) and coupling coefficients (b) as a function of propagation 
distance.  
 
Fig. 4. Transmission spectra (a) and the insertion loss at 1550 nm (b) of the TE0-TE2 mode 
converter with different perturbation width. 
To further extend for arbitrary high-order mode converters, it’s essential that the basic 
building block should be insensitive to the fabrication imperfections. We analyze the 
fabrication tolerance of the TE0-TE2 mode converter by evaluating the mode conversion 
efficiency influenced by the random deviation for the perturbation width. As shown in Fig. 4, 
the insertion loss keeps lower than 1 dB across the whole 100 nm bandwidth even though the 
variation reaches up to ±20nm. Undoubtedly, the robustness of the basic building block 
guarantees the stable performance of the high-order mode converters.  
3. Implementation of arbitrary high-order mode converters 
3.1 Even-order mode converters 
We now demonstrate that all even-order mode converters can be obtained by simply 
programming the same parallel perturbations with the TE0-TE2 mode converter building blocks. 
Although an individual building block can generate three channels, the two light beams on both 
sides actually have the same phase. To satisfy the anti-phase relation between neighboring 
beams, the distance between two adjacent building blocks has to be narrowed to generate only 
one channel. Consequently, total 2 1M   channels can be generated by M  building blocks. 
Therefore, 2N building blocks are needed to design a 
thN -order ( N  is an even number) mode 
converter, and the waveguide width can be expressed by 
 2 ( )
2
even extra
N
W d W m    (1) 
where d is the central distance between adjacent building blocks, and 𝑤𝑒𝑥𝑡𝑟𝑎 is the applied extra 
waveguide width to better confine the guided modes. The optimized parameters from FDTD 
simulations are 0.92d  m and 0.19extraW  m , respectively.  
As an example, the structure of the TE0-TE6 mode converter is presented in Fig. 5. Three 
same TE0-TE2 mode converters are programmed in a parallel array, and the whole structure is 
vertical symmetric along the propagation direction. Only seven TE0-like channels are formed 
in the conversion region due to the narrow gaps between two adjacent building blocks. As 
depicted in Fig. 6 (a), total seven beams are progressively generated and eventually combine 
into the expected TE6 mode. Figure 6 (b) presents the simulated conversion efficiency and 
modal crosstalk. The insertion loss is measured to be less than 1 dB and the crosstalk is below 
-9.5 dB from 1400 nm to 1700 nm. Besides, the major crosstalk comes from the TE4 mode. 
 
Fig. 5. Schematic of the TE0-TE6 mode converter. 
 
Fig. 6. Simulated electric field distribution (a) and conversion efficiency (b) of the TE0-
TE6 mode converter. 
Actually, this approach can be extended for any even-order mode converters by 
programming the proper numbers of parallel building block and waveguide widths as discussed 
above. As a proof of concept, we simulate an unprecedented high-order TE0-TE28 mode 
converter. As presented in Fig. 7, twenty-nine TE0-like modes with anti-phase between adjacent 
beams are finally formed at the end of the perturbations. Besides, the insertion loss is still less 
than 1.5 dB and the modal crosstalk maintains lower than -9 dB from 1400 nm to 1650 nm. It’s 
worth noting that the crosstalk mainly results from the neighboring guided mode TE26, due to 
the similarity between their mode profiles. Although this is undesired and unavoidable, it may 
provide us with another simpler way to test the coupling efficiency of the ultra-high-order mode 
converters. Instead of quantifying the crosstalk form each single mode in traditional methods, 
we only focus on the specific modes causing the major crosstalk.  
 
Fig. 7. Simulated electric field distribution (a) and conversion efficiency (b) of the TE0-
TE28 mode converter. 
3.2 Odd-order mode converters 
To further extend the generality of the proposed generic building block concept, we 
demonstrate the implementation of arbitrary high odd-order mode converters on the basis of 
even-order mode converters. To design a 
thN -order ( N  is an odd number) mode converter, we 
reduce one waveguide channel of the TE0-TEn+1 mode converter by directly cutting off part of 
the structure on one side with a fixed width, which is much smaller than the original waveguide 
width. Fortunately, the evolution of optical field will just be slightly influenced, thus remaining 
the desired N  single-mode channels. (This method is not suitable for the TE1 and TE3 mode, 
and their implementations based on the same design concept are given in Section 2, supporting 
information). Furthermore, the waveguide width for odd-order mode converters can be 
expressed by 
  
1
2 -
2
odd extra cutoff
N
W d W W m

    (2) 
where 
cutoffW  is the width of the truncated part, and the optimized value is 0.46 m .  
As an example, the schematic diagram of the TE0-TE5 mode converter is shown in Fig. 8, 
which is exactly the same as that of the TE0-TE6 mode converter, except 0.46 mwide structure 
is cut off on the upper side. The simulated electric field distribution and the transmission curves 
are given in Fig. 9 (a) and Fig. 9 (b) respectively. The insertion loss is less than 1 dB and the 
crosstalk is below -10 dB with a large bandwidth of 300 nm. Likewise, we give the simulation 
results for the ultra-high TE0-TE27 mode converters to show the scalability. The TE27 mode 
consisting of twenty-eight TE0-like beams can be obviously observed in Fig. 10 (a). Moreover, 
the insertion loss keeps less than 1.5 dB and the crosstalk still maintains lower than -9 dB from 
1400 nm to 1650 nm. Similarly, as shown in the figure, the TE25 mode accounts for the major 
crosstalk. 
 
Fig. 8. Schematic of the TE0-TE5 mode converter. 
 
Fig. 9. Simulated electric field distribution (a) and conversion efficiency (b) of the TE0-
TE5 mode converter 
 
Fig. 10. Simulated electric field distribution (a) and conversion efficiency (b) of the TE0-
TE27 mode converter 
4. Discussion and Conclusion 
We now give a summary of the universal design for arbitrary high-order mode converters based 
on the programmed metasurface building blocks in Figure 11. We provide both the overall 
layouts and the important design parameters. We also give the estimated performance of the 
programmed building-block-implemented arbitrary mode converters: the insertion loss is 
predicted to be approximately 1.5 dB. Besides, the neighboring TEn-2 mode is the major source 
of the modal crosstalk, which is estimated to be nearly -9 dB within a broad bandwidth from 
1400 nm to 1650 nm. Finally, the device is tolerant to the fabrication errors up to ±20 nm 
variation in the perturbation width. 
We emphasize that the footprint of the proposed mode converter increases linearly with the 
mode order, promising high integration intensity. Since we just engineer the building blocks in 
a generic rough way, the acquired decent performance can be further improved by coarse-tune 
the parameters (e.g., the waveguide width, the distance between building blocks) for specific 
mode converters. Moreover, the mode coupling efficiency can be flexibly tailored by adjusting 
the arm lengths of the building blocks as presented in Fig. 3.  
 It is worth noting that the proposed mode converters can function as mode exchangers at 
the same time, which can be hardly realized by most traditional mode converters. (see the 
analysis of mode exchangers in Section S3, supporting information) Although a universal 
approach to realize mode exchangers has been reported [17], the design is mode-specific and 
need to be re-optimized repeatedly. Besides, the involved parameter space will grow rapidly as 
the increase of concerned mode order. In contrast, the presented devices can be conveniently 
obtained by program the building blocks appropriately, and no extra optimization complexity 
is needed. 
  More importantly, the proposed programmable building block concept can be efficiently 
migrated to other platforms (e.g., InP, Si3N4, etc.) as well as other wavelength-bands (e.g., mid-
infrared band, etc.), which will definitely open the opportunity to better control the multimode 
light on-chip. The manipulation of multiple modes simultaneously will not only increase the 
link capacity in optical communication systems, but also potentially find applications in 
quantum information processing [58], nonlinear photonics [59], photonic sensing [60], etc. 
In conclusion, by employing the programmable compact metasurface building blocks, we 
report a universal methodology to realize the mode conversion between the fundamental mode 
and arbitrary high-order mode for the first time. All the even-order and odd-order mode 
converter can be efficiently realized by programming the parallel array of the building block, 
i.e., the TE0-TE2 mode converter and coarsely control the waveguide widths. The proposed 
devices feature constant performance of broad bandwidth (from 1400 nm to 1650 nm), low 
insertion loss (<1.5 dB), low modal crosstalk (-9 dB), compact footprints and robustness to the 
fabrication variations (up to ±20 nm). This will give significant inspirations to other device 
designs and could promise a great breakthrough to boost the development of on-chip MDM 
systems 
 
Programmable arbitrary 
mode converters 
Parameters 
Performance 
(Est.) 
 
Even-order mode 
converters 
2N building blocks 
 
Insertion 
loss:  
~1 dB 
 
Major 
crosstalk: 
TEN-2 
 
Modal 
crosstalk: 
~-10dB 
 
Bandwidth: 
1500-
1600nm 
 
Fabrication 
tolerance: 
±30 nm 
Waveguide width: 
2 ( )
2
even extra
N
W d W m    
 
Odd-order mode 
converters 
( 1) 2N building blocks with 
edge truncation 
 
Waveguide width: 
 
1
2 -
2
odd extra cutoff
N
W d W W m

    
 
Fig. 11. Universal design of the 
thN -order mode converter. 
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